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Center, IdM Nuclear Magnetic Resonance Laboratory, Paris, FranceABSTRACT The spin-spin (T2) relaxation of 1H-NMR signals in human skeletal muscle has been previously hypothesized
to reveal information about myowater compartmentation. Although experimental support has been provided, no consensus
has yet emerged concerning the attribution of specific anatomical compartments to the observed T2 components. Potential
application of a noninvasive tool that might offer such information urges the quest for a definitive answer to this question.
The purpose of this work was to obtain new information that might help elucidate the mechanism of T2 distribution in
muscle. To do so, in vivo T2 relaxation data was acquired from the soleus of eight healthy volunteers using a localized
Carr-Purcell-Meiboom-Gill technique. Each acquisition contained 1000 echoes with an interecho spacing of 1 ms. Data
were acquired from each subject under different vascular filling preparations expected to change exclusively the extracellular
water fraction. Two exponential components were systematically observed: an intermediate component (T2 ~ 32 ms) and
a long component (100 < T2 < 210 ms). The relative fraction and T2 value characterizing the long component sys-
tematically increased after progressive augmentation of extracellular water volume. Characteristic relaxation behavior for
each vascular filling condition was analyzed with a two-site exchange model and a three-site two-exchange model. We
show that a two-site exchange model can only predict the observations for small exchange rates, much more representative
of transendothelial than transcytolemmal exchange regimes. The three-site two-exchange model representing the intracellular,
interstitial, and vascular spaces was capable of precisely predicting the observations for realistic transcytolemmal and
transendothelial exchange rates. The estimated intrinsic relative fractions of each of these compartments corroborate with
estimations from previous works and strongly suggest that the T2 relaxation from water within the intracellular and
interstitial spaces is described by the intermediate component, whereas the long component represents water within the
vascular space.INTRODUCTIONAlterations of intra- and extracellular myowater content
and exchange kinetics are known to reflect exercise- and
pathology-induced changes in tissue (1,2). A noninvasive
technique giving access to such information in vivo would
have important applications in the fields of exercise phys-
iology and neuromuscular disorders. Nuclear magnetic
resonance (NMR) is sensitive to these changes (3,4) and
is a valuable tool for addressing these questions. Proton
(1H) spin-spin (T2) relaxation has been shown to be multi-
exponential in many biological tissues. In skeletal muscle
tissue, at least three exponential components were system-
atically observed in ex vivo and in vivo studies (5–10): a
short one (T2 < 10 ms) accounting for <5% of the signal;
an intermediate one (20 < T2 < 50 ms) accounting for
75–95% of the signal; and a long one (T2 > 100 ms)
accounting for <15% of the signal. There is general agree-
ment that the short component reflects water from hydra-
tion shells of macromolecules, although some authors
have attributed part of it to nonrigid protons in organicSubmitted January 10, 2014, and accepted for publication April 9, 2014.
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0006-3495/14/05/2267/8 $2.00molecules. The rest of the water in the tissue is expected
to be in a state usually referred to as bulk aqueous phase
(bulk water), which presents viscosity and hydrogen-bind-
ing characteristics close to pure water. The intermediate
and long T2 components were both attributed to bulk
water, and their characteristic higher relaxation rates, as
compared to that of pure water (T2 ~2.5 s at 3 T), were
understood as reflecting magnetization transfer processes
with protons in hydration water and macromolecules
(11). Interpretation of this biexponential behavior of bulk
water is not yet consensual (6,7). One hypothesis is that
it reflects distribution of myowater in different anatomical
compartments having intrinsically different transverse
relaxation rates (6). These anatomical compartments are
supposed to be in slow enough exchange regimes such
that the separate T2 components become observable. The
other hypothesis states that it must be a consequence of
the complex magnetization transfer processes taking place
at various intermediate rates within the same microscopic
compartments, thus discarding any direct attribution of
the observed intermediate and long components to specific
anatomical compartments (7).
Although experimental support for the anatomical com-
partmentation theory has been provided in previous studieshttp://dx.doi.org/10.1016/j.bpj.2014.04.010
2268 Araujo et al.(8,9), distinct interpretations of these results still emerge, in
which the intermediate and long components have been
attributed respectively to the following:
1. Intra- and extracellular water (5,6), assuming that relax-
ation from both interstitial and vascular spaces are well
described by the long component; and
2. Extra- and intravascular water (8,12), assuming that
relaxation from both intracellular and interstitial spaces
are described by the intermediate component.
In this study, we have applied a localized Carr-Purcell-
Meiboom-Gill (CPMG) technique to study in vivo muscle
T2 relaxation on healthy volunteers under different vascular
filling preparations expected to change exclusively the
extracellular space fraction. Correlations between variations
on the observed T2 spectra and the imposed physical space
variations within the tissue were investigated and analyzed
by means of compartmental exchange models (13), leading
to important conclusions concerning myowater compart-
mentation theories and the interpretation of NMR T2 relax-
ation measurements in human skeletal muscle in vivo.MATERIALS AND METHODS
NMR sequence and system
A CPMG (14,15) sequence was implemented on a 3 Twhole-body scanner
(Tim Trio; SIEMENS Healthcare, Erlangen, Germany). Magnetization
excitation and refocusing were performed with a 250- and a 500-ms hard
pulse, respectively. Spatial localization, crucial for meaningful in vivo mea-
surements, was accomplished with the image-selected in vivo spectroscopy
(ISIS) localization technique (16). In ISIS, complete selection of a rectan-
gular volume of interest (VOI) is accomplished after eight acquisitions. The
VOI is defined by the intersection of three orthogonal slices that are selec-
tively inverted by applying an eight-step combination (Fig. 1): in the first
acquisition, no inversion is performed; from acquisitions 2–4, each one
of the three orthogonal slices is inverted, one per acquisition; from acquisi-
tions 5–7, two of the three orthogonal slices are inverted per acquisition,
varying the selected pair of slices from one acquisition to the other; and
in the last acquisition, all the three orthogonal slices are inverted. The local-
ized signal, S, is then obtained by performing the following summation:
S ¼ S1  S2  S3  S4 þ S5 þ S6 þ S7  S8
where S1–S8 represent the signal from acquisitions 1–8.
ISIS was implemented using an adiabatic quadratic phase inversion pulseof 8 ms with 10 kHz of selection bandwidth, designed using the Shinnar-Le
Roux algorithm (17,18). To avoid contamination by signal from intramus-
cular lipids, a fat-saturation module was applied after each of the ISIS steps.Biophysical Journal 106(10) 2267–2274Fat saturation was performed with a 1.5-ms-long, 90 hard pulse centered
at 432 Hz from water proton frequency followed by a spoiler gradient.
The CPMG pulse train was applied 2 ms after the fat-saturation module
(Fig. 1).
Sequence parameters were: Nb of echoes ¼ 1000; inter-echo spacing ¼
1 ms; and repetition time ¼ 18.75 s. Each echo contained 64 points and
was acquired with a bandwidth of 320 kHz, which resulted in an acquisition
time per echo of 200 ms. Each CPMG acquisition was repeated once, with
application of 180 phase shift on the refocusing pulses to null unwanted
signals resulting from imperfect refocusing. Total acquisition of a localized
T2-decay curve took 5 min. Only even echoes were used as data, resulting
in a T2-decay observation window of 1 s sampled at 500 Hz. The amplitude
of each echo was given by the average amplitude of its 20 central points.
Radio-frequency (RF) pulse transmission and detection was performed
with a cylindrical mono-channel birdcage transceiver coil (QED CP-
Extremity; Siemens Healthcare, Erlangen, Germany).Protocol for data acquisition
T2 spectra were extracted from a rectangular VOI localized within the right
soleus of eight healthy volunteers (age 36.5 5 11.6 years) under three
different vascular preparation conditions, as follows:
Vascular draining
Step 1.Manual compression of the calf from foot to thigh by means of a
medical compression band;
Step 2.Inflation of a cuff wrapped around the thigh at 250 mmHg to
completely block both arterial inflow and venous outflow; and
Step 3.Release of the medical compression band while keeping the
cuff inflated.
Vascular filling
Cuff pressure is decreased from 250 to 60 mmHg to block the venous
outflow only, and to fill the capacitance vessels.
Normal condition
Release the cuff.
After procedure
Appropriate signed informed consent was obtained from all subjects. The
protocol was conceived in such a way as to allow the application of different
vascular conditioning without any need of moving the subject inside the
coil or the magnet from one condition to another. The cuff pressure was
monitored and manually controlled from outside the examination room
using a mercury manometer (MERCUREXþ; Spengler, Antony, France)
integrated to a valve system. The protocol timeline is presented in Fig. 2.
With the patient in supine foot-first position and their calf centered in the
transceiver coil, the vascular draining procedure was started. A T1-weightedFIGURE 1 RF-pulse and B0 gradient time
sequence diagram representing the implemented
ISIS-CPMG method. In the ISIS module, adiabatic
inversion pulses are selectively turned on after an
eight-step combination, as indicated. Fat saturation
is accomplished with a 90 hard pulse with a
1.5-ms-long, 90 hard pulse centered at 432 Hz
from water proton frequency, and is launched just
after each of the ISIS steps. CPMG pulse train is
launched 2 ms after the fat-saturation module.
FIGURE 2 Protocol timeline for the T2-spectra acquisitions at different
vascular filling conditions: (i) With the patient in supine, foot-first orienta-
tion, and their calf positioned in the transceiver coil, the vascular draining
procedure was first applied. (ii) Localized CPMG signal was acquired with
the VOI located within the soleus during 5 min. (iii) Vascular-filling step is
performed and another CPMG acquisition of 5 min is launched over the
same VOI after a 5-min interval. (iv) Pressure is released from the cuff
and another CPMG acquisition of 5 min is performed over the same VOI
after a 5-min interval.
Interpretation of Muscle T2 Relaxation 2269A T1-weighted FLASH sequence gave anatomical reference images.
The VOI was carefully positioned within the soleus excluding any
visible blood vessels and fascia. The average size of VOI was 52 cm3.
The first ISIS-CPMG acquisition was then launched. Once the
acquisition was finished, the cuff pressure was reduced from 250 to
60 mmHg and a 5-min period was allowed to attain equilibrium for the
vascular filling condition. At this point, the second ISIS-CPMG was
acquired. Once it was completed, the cuff pressure was fully released to
resume normal conditions and the last ISIS-CPMG was launched after
another 5-min break.T2 deconvolution
The T2 relaxation decay curves resulting from CPMG acquisitions can be
described by the matrix equation
Y ¼ A  Pþ E; (1)
where Y is a (N  1) vector containing the signal amplitudes at the echo-
times t ¼ TEn (n ¼ 1,2,.,N), P is the unknown (M  1) vector containing
the relative fraction of protons with a decay constant T2 ¼ T2m (m ¼
1,2,.,M), A is a (N  N) matrix with elements
An;m ¼ eTEn=T2m ;
and E is a (N  1) vector containing the corresponding measurement error
for each amplitude in Y. The value N is the number of echoes and M is thenumber of possibly observable T2 values. Robust solutions for the system
described by Eq. 1 may be obtained by solving the regularized minimiza-
tion problem (19),
P ¼ min
PR0
 kY  A  Pk2 þ akPk2; (2)
where a is the L2-norm regularization parameter, which controls the
smoothness of the solution, eliminating nonrepresentative values on thesolution vector P. We have solved the problem in Eq. 2 for each set of
data by using a nonnegative least-squares method. The observable T2
domain was sampled by 499 logarithmically spaced values between 1
and 500 ms. Data were treated using the software MATLAB (The
MathWorks, Natick, MA). Appropriate choice for the regularization param-
eter, crucial for obtaining accurate and stable solutions, was done using the
L-curve criterion (20). Separated T2 peaks could be observed in each
obtained T2 spectra, P, allowing us to identify distinct T2 components:
T2 peaks were defined as the largest possible intervals DP ¼ [Pm0,Pm1]
in the solution vector containing values >0.01%. The corresponding T2
components were characterized by a relative fraction, bP, and a T2 value,bT2, given bybP ¼ Xm1
k¼m0
Pk; (3)
b Xm1 .Xm1T 2 ¼
k¼m0
PkT2k
k¼m0
Pk: (4)
The T2 components with bP<2% were considered spurious, and were not
taken into account.On a second approach, data were fitted by means of least mean squares to
a biexponential model, expected to identify and characterize the intermedi-
ate and long components observed in previous works. Data fitting was
initialized with the T2 values, bT2, and relative fractions, bP, characterizing
the intermediate and long peaks from the corresponding previously ob-
tained T2 spectra. Finally, all data were also fitted to a simple monoexpo-
nential decay model, to investigate the possible effects of the vascular
filling preparations on the standard monoexponential approach for T2 quan-
tification in muscle.Compartmental exchange model analysis
Relaxation of transverse magnetization from a system with N exchanging
compartments is governed by a set of coupled ordinary differential equa-
tions, commonly referred to as the Bloch-McConnell equations (21), ex-
pressed as
dMtðtÞ
dt
¼ A  MtðtÞ; (5)
where Mt is a (N  1) vector, containing the transverse magnetization
amplitudes from each pool, and A is a (N  N) matrix given byA ¼
0BBBBB@
 1
T1

X
is1
1
t1i
/
1
tN1
« 1 «
1
t1N
/  1
TN

X
isN
1
tNi
1CCCCCA;
where Ti is the intrinsic T2 value of the compartment i, and tij is the average
time spent by a nuclear spin within the pool i before it transfers to the pool j,and equilibrium exchange kinetics is defined by the relation
Pi

tij ¼ Pj

tji; (6)
where Pi and Pj are the relative fractions of the pools i and j, respectively.
Equation 5 admits the general solution given byMtðtÞ ¼ T 
0@eðg1$tÞ / 0« 1 «
0 / eðgN$tÞ
1A T1Mtð0Þ; (7)
where gi denotes the eigenvalues of the model-related characteristic matrix
A and T is a (N N) matrix whose columns are the corresponding eigenvec-
tors. Equation 7 states that the magnetization from each pool evolves
as a sum of N exponentials characterized by apparent relaxation times
Ti ¼ 1/gi and relative fractions bPi, which are themselves functions of
the intrinsic parameters of the system (Pi, Ti, and tij). Finally, unknown
intrinsic parameters characterizing the compartmental exchange system
may be extracted by directly fitting the relaxation data by Eq. 7, as proposed
by Dortch et al. (13).
We have investigated two analytical compartmental exchange models as
possible candidates for explaining the observed T2 relaxation behavior: a
two-site exchange (2SX) model, representing either an intra-/extracellular
or an extra-/intravascular compartmental system; and a three-site two-
exchange (3S2X) model, representing the histological compartmentationBiophysical Journal 106(10) 2267–2274
2270 Araujo et al.into intracellular, interstitial, and vascular spaces, in which no direct ex-
change occurs between the vascular and intracellular spaces and the inter-
stitial space works as a junction compartment, exchanging with both
intracellular and vascular compartments. The matrices characterizing the
2SX and 3S2X models are given, respectively, by
A2SX ¼
1=T2a  1=ta 1=tb
1=ta 1=T2b  1=tb

;A3S2X ¼
0@1=T2i  1=ti 1=tei 01=ti 1=T2e  1=tei  1=tec 1=tc
0 1=tec 1=T2c  1=tc
1A:For the 2SX model, ta and tb represent the average time spent by a nuclear
spin within the compartments a and b, respectively, before it exchanges, and
are usually referred to as residence times. In the 3S2X model, tei and tec
represent the average time spent by a nuclear spin within the interstitial
space before it transfers to intracellular and vascular spaces, respectively,
while ti and tc correspond to the intracellular and intravascular residence
times, respectively.
To check whether the observed relaxation behaviors for the different
vascular filling condition could be explained by the proposed models, we
have proceeded as follows:
1. Characteristic relaxation curves for each vascular filling condition were
defined as
yðtÞ ¼ bPiet=bT i þ bPlet=bT l ; (8)
where bTi, bTl and bPi, bPl are the mean observed intermediate and long T2
values and corresponding relative fractions obtained from the biexpo-
nential fitting between volunteers for each vascular filling condition; and
2. The characteristic curves were fitted by means of mean least-squares to
the right side of Eq. 7.
The 2SX and 3S2X models were constrained based on the results of pre-
vious works that studied relative fractions, residence times, and T2 values
of tissue compartments. For the 2SXmodel, the intrinsic T2 values and rela-
tive fractions were estimated for exchange regimes characterized by resi-
dence times, ta, set to 1 and 10 s, respectively, and with the longer T2
value, T2b, limited to 500 ms (T2b < 500 ms). For the 3S2X model, the
intracellular residence time was set to 1 s and the vascular T2 was set to
the T2 value of the blood, T2c ¼ 186 ms, determined at 3 tesla (22). Inter-
stitial and vascular relative fractions, interstitial T2, intravascular residence
time and intracellular T2 were estimated within the predefined intervals 7<
Pe < 12%, 1 < Pc < 15%, 10 < Te < 186 ms and 150 < tc < 10
4 ms and
10< Ti < 100, respectively. The intracellular T2 was only estimated for the
vascular draining condition and then set at the same value for the others.
Each set of data was fitted with different sets of initial values to identify
possible convergence to local minima within the limits of the predefined
intervals.FIGURE 3 (a) Plot of T2-decay curves obtained for a subject under
different vascular filling conditions. The lines passing through the points
correspond to the fitted curves resulting from the regularized inversion
solution. (b) Corresponding obtained T2 spectra.RESULTS
Examples of obtained T2-decay curves for each of the
vascular filling conditions, and the corresponding ob-
tained T2 spectra from the regularized inversions are
presented in Fig. 3. The continuous lines through the
decay points (Fig. 3 a) correspond to the fitted curves.Biophysical Journal 106(10) 2267–2274Two separated T2 peaks are clearly identified for each
spectrum in Fig. 3 b.
All mono- and biexponential fits converged and the re-
sults are presented in Table 1, along with the results from
Eqs. 3 and 4 characterizing the T2 spectra that result from
the regularized inversions. Results are expressed by means
of average and standard deviation of the relative fractionsand corresponding T2 values between subjects for each
vascular filling condition.
The results for the estimated intrinsic parameters of the
2SX system for the three vascular filling conditions at
intermediate and slow exchange regimes are presented in
Table 2. All the different initializations converged to the
same minimum.
The characteristic relaxation curves for the three vascular
filling conditions, defined with Eq. 8, and the corresponding
TABLE 1 Results obtained from the mono- and biexponential fits and regularized Laplace inversions for the relative fractions and
corresponding T2 values, by mean(SD), between subjects for each vascular filling condition
Vascular condition Values Monoexpential model R2 ( 103)
Biexponential model
R2 ( 104)
Regularized inversion
R2Intermediate Long Intermediate Long
Vascular draining Relative fraction [%] — 998(1) 94.6(1.5) 5.4(1.5) 9999(1) 96.0(2.1) 4.0(2.1) 1(0)
T2 [ms] 35.3(1.8) 31.7(0.5) 139(23) 32.6(0.6) 119(24)
Free perfusion Relative fraction [%] — 997(2) 92.0(2.4) 8.0(2.4) 9999(1) 92.8(2.7) 7.2(2.7) 1(0)
T2 [ms] 38.1(2.4) 32.1(0.4) 159(25) 32.8(0.4) 132(24)
Vascular filling Relative fraction [%] — 993(7) 85.8(4.7) 14.2(4.7) 9999(2) 86.7(4.9) 13.3(4.9) 1(0)
T2 [ms] 45.8(6) 32.6(0.7) 181(20) 33.4(0.9) 176(28)
R2 is the square of the correlation coefficient between predicted and experimental data.
Interpretation of Muscle T2 Relaxation 2271fitted curves characterized by the extracted intrinsic param-
eters of the 2SX model for both intermediate and slow ex-
change regimes, are presented in Fig. 4.
The results for the estimated intrinsic parameters of the
3S2X system, characterizing the intracellular, interstitial
and vascular spaces, are presented in Table 3. All the
different initializations converged to the same minimum.
The fitted characteristic relaxation curves with the 3S2X
model are presented in Fig. 5 a. Fig. 5 b presents the corre-
sponding obtained T2 spectra from regularized inversion of
the fitted curves.DISCUSSION
Differently from previous relaxation studies in muscle, no
short component was observed in this study. This may be ex-
plained by differences related to the RF-pulse sequence and
the methodology applied for data treatment. The RF-pulses
of the ISIS module were too long to be efficient over the
short T2 components (23). This resulted in decreased contri-
butions of the already small fraction of these short compo-
nents, which have probably been completely filtered out
of the T2 spectra by the regularization. No special attention
was dedicated to that fact here, where we focused on the
origin of the longer T2 fractions.
Results from the monoexponential fittings showed a sys-
tematic increase of the observed T2 values after performing
progressive vascular filling (Table 1). This result confirmed
the importance of extracellular water content on T2 relaxa-
tion of muscle tissue as measured by monoexponential
approaches.TABLE 2 Extracted intrinsic parameters of the 2SX model for
the three vascular filling conditions at intermediate and slow
exchange regimes; SE is presented within parentheses
ti [s] Vascular condition Pa [%] T2a [ms] T2b [ms] R
2 ( 103)
1 Vascular draining 92.7(2.5) 30.0(0.5) 500(1216) 999.8
Free perfusion 90.2(1.0) 30.1(0.3) 500(312) 999.6
Vascular filling 85.2(0.5) 30.5(0.2) 500(81) 999.4
10 Vascular draining 95.4(0) 31.8(0) 195.2(0) 1000
Free perfusion 92.8(0) 32.2(0) 199.5(0) 1000
Vascular filling 86.5(0) 32.7(0) 204.6(0) 1000
R2 is the square of the correlation coefficient between predicted and exper-
imental data.The T2 spectra obtained with the regularized inversion
method systematically presented two relevant (bP> 2%) T2
components characterized by T2 values and relative frac-
tions that correspond to the intermediate and long compo-
nents also observed in previous studies (Fig. 3). This
demonstrated the reproducibility of the methodology and
supported the approach of a biexponential fit to analyze
our data. Additionally, the results obtained from both
methods were quite similar (Table 1). The vascular filling
preparations exclusively influenced the long T2 component,
whose relative fraction and value systematically increased
after progressive augmentation of the extracellular space.
These were strong evidences in favor of the anatomical
compartmentation hypotheses.
Deeper analysis of the compartmental exchanges is
needed to elucidate the histological interpretation of this
compartmentation. Our analyses showed that a 2SX model
is only capable of explaining the observed relaxation data
for slow exchange regimes (see Fig. 4). In previous studies
investigating transcytolemmal water exchange, the intracel-
lular residence time in muscle has been estimated between
550 and 1100 ms (24,25). In our analysis, when setting
the intracellular residence time to 1000 ms, the results
show that the observed T2-relaxation data cannot be ex-
plained by a 2SX model representing an intra-/extracellular
compartmentation for realistic extracellular T2 values
(T2b < 500 ms) (see Table 2). However, setting theFIGURE 4 Characteristic relaxation curves of the vascular draining
(triangles), normal (squares), and vascular filling (circles) conditions, and
the corresponding fitted curves characterized by the extracted intrinsic
parameters of the 2SX model for both intermediate (crosses) and slow
(lines) exchange regimes.
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TABLE 3 Extracted intrinsic parameters of the 3S2X system
characterizing the intracellular, interstitial, and vascular
spaces for the three vascular filling conditions; standard error
is presented within parentheses
Vascular condition Pc [%] Pi/Pe T2i [ms] T2e [ms] tc [ms] R
2
Vascular draining 4.6(0) 12.7(0.3) 31.5(0) 35.8(1.0) 535(5) 1
Free perfusion 7.3(0) 6.73(0.04) 31.5 37.4(0.3) 1122(3) 1
Vascular filling 13.8(0) 6.18(0.04) 31.5 41.1(0.5) 9813(333) 1
R2 is the square of the correlation coefficient between predicted and exper-
imental data.
2272 Araujo et al.intracellular residence time to 10 s avoids the need for
abnormally high extracellular T2 values to explain the
data (see Table 2). Intravascular residence times have been
estimated between 0.3 and 3 s (24,26,27), and vascular
water fraction shall be ~4% (28). For these values, the extra-
vascular residence time at homeostasis must be between 7
and 72 s (Eq. 6), which characterizes a slow exchange
regime. Theses evidences supported preferably an extra-/
intravascular compartmental interpretation, suggesting that
relaxation of transverse magnetization from both intracel-
lular and interstitial spaces are described by the intermediate
component. This implies that the apparent intracellular and
interstitial T2 values, Tic and Tint, shall be close enough to
the observed intermediate T2. To investigate the intrinsic
system parameters that might satisfy this condition, weFIGURE 5 (a) Characteristic relaxation curves of the vascular draining
(triangles), normal (squares), and vascular filling (circles) conditions, and
the corresponding fitted curves (lines) characterized by the extracted
intrinsic parameters of the 3S2X model. (b) Obtained T2 spectra from regu-
larized inversion of the fitted curves resulting from the 3S2X model.
Biophysical Journal 106(10) 2267–2274have studied a system composed by the intracellular and
interstitial spaces according to a 2SX model. The analytical
solution of Eq. 5, for the apparent T2 values, bT2a and bT2b,
in the 2SX model has been previously presented by Hazle-
wood et al. (6), and is given by
bT 2a ¼ 1ðC1 þ C2Þ; (9)
bT2b ¼ 1 ; (10)ðC1  C2Þ
withC1 ¼ 1
2

1
T2a
þ 1
T2b
þ 1
ta
þ 1
tb

; (11)
1
 
1 1 1 1
2
4
!1
2C2 ¼
2 T2a
þ
ta

T2b

tb
þ ðtatbÞ : (12)
The average observed interstitial to intracellular water vol-
ume ratio is ~0.13 (28,29). Consequently, an intracellular
residence time of 1 s would imply an interstitial residence
time of 130 ms, at homeostasis. By applying these values
into Eqs. 9–12, one may verify that for Tint > 80 ms,
the apparent T2 values, bT2a and bT2b, would differ by
>20 ms, which should be easily resolved in the obtained
T2 spectra, considering the precision of our results for the
observed intermediate T2 peaks (Fig. 3 b and Table 1).
Usually, Tint is assumed to be considerably lengthened rela-
tive to the intracellular T2 due to the lower protein concen-
tration in the interstitium. However, the macromolecules
constituting the extracellular matrix have been shown to
have nonnegligible relaxivities (30), and values as short as
Tint ¼ 25 ms have been observed for synthetic interstitial
models (9). This was further confirmed by the observed
short T2 value in muscle sites with abnormally high endo-
mysial accumulation such as fibrosis (31), and the long T2
values characteristic of interstitial edema (3).
The 3S2X model has been previously shown to allow
more accurate estimates of extracellular and vascular spaces
and blood-to-tissue contrast agent transfer in pharmacoki-
netic studies (32). In this work, this model was shown to
be capable of precisely predicting the characteristic relaxa-
tion curves for realistic physiological residence times (24–
27) (Fig. 5 and Table 3). The estimated interstitial T2 value
was within the range, Tint < 80 ms, predicted by our 2SX
analysis, and increased after progressive augmentation of
its water content, as observed by the variations of the esti-
mated intracellular to interstitial volume fraction ratio
Pi/Pe (Table 3). The estimated compartmental relative frac-
tions in normal conditions were in good agreement with re-
sults of previous studies (28,29).
Estimated relative fraction of the vascular space in-
creased after augmentation of extracellular volume. The
Interpretation of Muscle T2 Relaxation 2273augmentation of the intravascular residence, tc, must reflect
attainment of quasi-normal equilibrium transendothelial ex-
change after fluid redistribution within vascular and intersti-
tial spaces at each vascular condition. The observed
nonlinear increase of tc with the vascular volume must
reflect contributions of small veins and arteries within the
VOI that could not be seen in the localization images,
because they present a much higher compliance than capil-
laries and experience negligible exchange with the paren-
chyma. Vascular and interstitial water fractions varied
between the imposed vascular filling conditions. While the
vascular space varied progressively from one condition to
another, the interstitial water fraction doubled when passing
from the vascular draining to the vascular filling condition
and presented a very small reduction (8%) when passing
from the vascular filling to the normal condition. The rapid
variation must be a result of the manual compression, which
leads to interstitial space draining, whereas the slower
variation reflects interstitial volume inertia as a consequence
of the interstitial edema-preventing mechanisms (33).
Furthermore, it has been previously shown that interstitial
space volume varies at a much slower rate than the vascular
space after imposed variations on vascular hydrostatic pres-
sure (34).
Finally, extracted T2 spectra from the fitted characteristic
relaxation curves demonstrated that indeed only two T2
components may be obtained from the proposed 3S2X
model characterized by the extracted intrinsic parameters
(Fig. 5 b).
In a previous study by Noseworthy et al. (12), the long T2
value resulting from biexponential fitting of relaxation data
obtained within the soleus of healthy volunteers increased
with hyperoxia exposure. This result was explained as re-
flecting the well-known blood-oxygenation-level-dependent
effect (35) and the long T2 component was attributed to
vascular water. In this work, the observed increase of the
long T2 value after vascular filling was explained by an in-
crease of the intravascular residence time. It is possible that
blood O2 saturation was lower at vascular draining condition
due to the imposed muscular ischemia of the procedure.
However, the 3S2X model has too many parameters and
vascular T2 had to be set constant to constrain the 3S2X
model and obtain stable parameter estimations. Two-dimen-
sional correlation NMR experiments have been previously
proposed as a means for studying exchange dynamics
(36); these methods allow simultaneous and independent
estimation of compartment-intrinsic T2 value and exchange
rates (13). The results from this work encourage the
application of such methods for more precise parameter esti-
mation of compartmental exchange models of myowater
distribution.
The interpretation of relaxometry studies relies on the
accuracy and precision of the extracted parameters charac-
terizing the multiexponential model that explains the ob-
served relaxation. Such extraction constitutes an inverseLaplace transform of noisy data, to which there is no unique
solution. Different methods for solving this problem without
the need for imposing the number of T2 components charac-
terizing the model exist (37–41) and are still the matter of
research for the optimization of inversion methods. Our
choice for a regularized inversion method was based on
the fact that it yields nonnegative solutions and allows
regularization, which has been shown by our results to
ensure the reproducibility of the solutions.CONCLUSION
1. The biexponential T2 relaxation behavior of 1H-NMR
signals observed in skeletal muscle reflects an anatom-
ical compartmentation of myowater.
2. Water in the vascular space has nonnegligible contribu-
tions to observed muscle T2 values as obtained from
monoexponential fitting of T2 relaxation data.
3. The biexponential T2 relaxation behavior observed in
skeletal muscle cannot be explained with a 2SX model
representing an intra-/extracellular anatomical compart-
mentation of myowater for realistic transcytolemmal ex-
change rates. However, for the slower transendothelial
exchange rates, a 2SX model representing an extra-/
intravascular compartmentation allows precise predic-
tion of the observations.
4. A 3S2X model representing water exchange dynamics
among intracellular, interstitial, and vascular spaces is
capable of explaining T2 relaxation behavior observed
in skeletal muscle tissue for realistic transmembrane ex-
change rates and allowed estimating interstitial T2 value,
which has been shown to be close to the intracellular T2
for healthy tissue in normal conditions.
5. For healthy skeletal muscle tissue in normal conditions,
the observed intermediate T2 component reflects the
relaxation behavior of water within the intracellular
and interstitial spaces, and the long T2 component re-
flects the relaxation of water within the vascular space.The authors thank Dr. Alexandre Vignaud for his technical support during
the development of the NMR sequences and the Drs. Paulo L. de Sousa,
Noura Azzabou, Nicolas Decorte and Pierre-Yves Baudin for their critical
reading of the manuscript.REFERENCES
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